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ABSTRACT
Using high-resolution simulations within the Cold and Warm Dark Matter models
we study the evolution of small scale structure in the Local Volume, a sphere of 8 Mpc
radius around the Local Group. We compare the observed spectrum of mini-voids in
the Local Volume with the spectrum of mini-voids determined from the simulations.
We show that the ΛWDM model can easily explain both the observed spectrum of
mini-voids and the presence of low-mass galaxies observed in the Local Volume, pro-
vided that all haloes with circular velocities greater than 20 km/s host galaxies. On
the contrary within the ΛCDM model the distribution of the simulated mini-voids re-
flects the observed one if haloes with maximal circular velocities larger than 35 km s−1
host galaxies. This assumption is in contradiction with observations of galaxies with
circular velocities as low as 20 km/s in our Local Universe. A potential problem of
the ΛWDM model could be the late formation of the haloes in which the gas can be
efficiently photo-evaporated. Thus star formation is suppressed and low-mass haloes
might not host any galaxy at all.
Key words: cosmology: large-scale structure of Universe, voids, dark matter, wdm
paradigm ; galaxies: luminosity function, rotational velocities
1 INTRODUCTION
At present the standard model of cosmology is a flat Fried-
mann universe whose mass-energy content is dominated by
a cosmological constant (the Λ term), a Cold Dark Mat-
ter (CDM) component and baryons. This ΛCDM model is
characterized by only a few parameters which are deter-
mined already with high precision. The ΛCDM model de-
scribes structure formation at large scales very well, how-
ever it fails on small scales: the standard model predicts
much more small scale structure than observed. This con-
cerns the number of dark matter sub-haloes inside galactic-
sized host haloes (Klypin et al. 1999; Moore et al. 1999)
as well as the number of dwarfs in low density regions of
the universe (Peebles 2001). A better understanding of the
physics of structure formation on small scales, in particu-
lar of the correct modeling of baryonic physics, could solve
these problems (Hoeft et al. 2006; Crain et al. 2007). How-
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ever, any non-baryonic physics that reduces power on small
scales compared to the standard model will also improve the
situation. It is well known that warm dark matter acts in
this direction by erasing power at short scales due to free
streaming.
Recently Tikhonov & Klypin (2009) studied the spec-
trum of mini-voids in the distribution of galaxies down to
MB = −12 in a sphere of radius 8Mpc around the Milky
Way (the Local Volume – LV). They compared the spectrum
of mini-voids obtained in LV-candidates selected in numeri-
cal simulations based on WMAP1 (Spergel et al. 2003) and
WMAP3 (Spergel et al. 2007) cosmologies and concluded
that it matches the observed one only if haloes with circular
velocities Vc > 35 − 40 km/s define the mini-voids. Thus
Tikhonov & Klypin (2009) conclude that ΛCDM haloes
with Vc < 35 − 40 km/s should not host galaxies brighter
than MB = −12, in fairly agreement with theoretical ex-
pectations (Hoeft et al. 2006; Loeb 2008). In the LV, how-
ever, a substantial number of quite isolated galaxies has been
observed with a total of regular (circular) and chaotic mo-
tions well below 35 km s−1 (Begum et al. 2008). These ob-
served galaxies point towards the same overabundance prob-
lem that the ΛCDM model has in case of Milky Way satel-
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lites. If haloes with circular velocities Vc < 35 km/s would
host galaxies their total number is predicted to be too large
compared to data.
In Warm Dark Matter (WDM) cosmologies the num-
ber of low-mass haloes drops down when their mass is be-
low a critical damping scale which depends on the mass
of the WDM particles ( see e.g. Avila-Reese et al. (2001),
Bode, Ostriker, & Turok (2001), Knebe et al. (2002). In this
work, we will use high-resolution N-body simulations of dif-
ferent dark matter candidates, namely CDM and WDM,
in order to study the properties of LVs in these models
and compared with the real LV observations. In particu-
lar, we will compare the void functions in simulated ”LV-
candidates” with observations in order to derive possible
conclusions about the nature of dark matter particles.
Unfortunately, little is known about the nature of the
dark matter. One of the promising dark matter candidates is
the gravitino for which three possible scenarios are imagin-
able: Warm (superWIMP) or mixed cold/warm or cold grav-
itino dark matter (Steffen 2006). Another possible candi-
date are sterile neutrinos which exhibit a significant primor-
dial velocity distribution and thus damp primordial inhomo-
geneities on small scales (Abazajian & Koushiappas 2006).
Experiments are far away from the scales which could probe
directly the properties of the particles of which the dark
matter is made of, so that the free streaming length can-
not be predicted. However, the free streaming length can be
associated with the particles mass for which astrophysical
constraints can be determined.
There is a number of observational constraints on the
mass of the WDM particles. Using HIRES data, a lower
limit of mWDM = 1.2keV has been reported by Viel et al.
(2008) which increases to 4.0 keV when a combination of
SDSS and HIRES data was used. From the power spec-
trum of SDSS galaxies, a lower limit of 0.11 keV has been
reported by Abazajian (2006) which also increases to 1.7
keV if the SDSS Lyα forest is considered and further in-
creases to 3.0 keV if high-resolution Lyα forest data are
taken into account. An independent estimation of lower lim-
its for the mass of the WDM particle based on QSO lens-
ing observations are in agreement with the former results
(Miranda & Maccio` 2007). Recently, Viel, Colberg, & Kim
(2008) have shown that the properties of the void popula-
tion seen in the Lymanα forest spectra depend on the under-
lying power spectrum and, therefore, these voids may also
constrain the properties of the dark matter. We have run a
suite of WDM simulations with particle masses ranging from
3 to 1 KeV. However, in this paper we will consider only the
results from simulations done with the lighter WDM par-
ticles (1 KeV). Results from the other simulations will be
reported elsewhere.
In this paper we will focus on the comparison between
the observed spectrum of mini-voids in the Local Universe
with the simulated ones in ΛCDM and ΛWDM models. The
structure of this paper is as follows, in Section 2 we describe
briefly our numerical simulations, the halo mass functions
and discuss the reliability of the subsequent analysis. In Sec-
tion 3 we describe the observational data sample used here.
In Section 4 we discuss our void finding algorithm. In Section
5 we present results from ΛWDM and ΛCDM simulations
in terms of spatial distribution and dynamics. We conclude
this paper with a discussion of the results found.
2 SIMULATIONS
For our numerical experiments, we have assumed a spatially
flat cosmological model which is compatible with the 3rd
year WMAP data (Spergel et al. 2007) with the parameters
h = 0.73, Ωm = 0.24, Ωbar = 0.042, ΩΛ = 0.76, the nor-
malization σ8 = 0.75 and the slope n = 0.95 of the power
spectrum. A computational box of 64h−1Mpc on a size was
used for all simulations. For ΛCDM a random realization of
the initial power spectrum computed from a Boltzmann code
by W. Hu, was done using 40963 N-body particles. After ap-
plying the Zeldovich approximation to this set of particles,
we reduced the particles to a total number of 10243 , which
corresponds to a mass per particle of 1.6 × 107h−1M⊙. We
used the original displacement field on the 40963 mesh to
derive the initial conditions (i.e positions and velocities) of
the final 10243 particles. In this way, we can increase the
mass resolution of all, or a particular area of the simulation
up to 64 times more using zooming techniques. This is spe-
cially useful to study the problem of fake haloes in WDM
(see below). The same random phases have been used in
both simulation, so we ensure that the same structures will
be formed in both models. The initial redshift of the simu-
lations was set to 50 in all cases.
To generate initial conditions for WDM, we used a
rescaled version of the CDM power spectrum using a fit-
ting function that approximates the transfer function asso-
ciated to the free streaming effect of WDM particles with
mWDM = 1 − 3 keV (Viel et al. 2005). The power spectra
of the three models are shown in Fig. 1.
The effects of the velocity dispersion of the WDM par-
ticles have been neglected in these simulations. They would
introduce a certain level of white noise in the initial condi-
tions that would contribute to the growth of the small scale
power (Col´ın, Valenzuela, & Avila-Reese 2008) that lead to
the formation of spurious halos. At the same time, the rms
value of the random velocity component for 1 kev parti-
cles at the starting redshift of the simulations (z=50) is of
the order of 2 km/s which is much smaller than the typical
velocities induced by the gravitational collapse of the mini-
mum resolved structures in our simulation (see Zavala et al.
(2009) for more details).
These simulations were run with the purpose in mind of
studying the gross structures of the nearby Universe, such
as the Local Supercluster (LSC) and the Virgo cluster, i.e,
to use them to do Near Field Cosmology. This could be
achieved by imposing linear constrains coming from obser-
vations to the otherwise Gaussian random field of density
fluctuations. We used the Hoffman & Ribak (1991) algo-
rithm for imposing the constrains on large scales. A more
detailed description of the simulations and their use for do-
ing Near Field Cosmology will be reported in a forthcoming
paper (Yepes et al. 2009). However, the constrained nature
of the simulations is ignored here and they are treated as
standard random simulations.
The simulations have been performed using the TreePM
parallel N-body code GADGET2 (Springel 2005). The spa-
tial resolution (Plummer softening length) was set to the
maximum between 1.6h−1kpc comoving and 0.8h−1kpc
physical at all redshifts.
In an N-body simulation, the computational box size
(kF ) and the number of particles (kNy) determine the fil-
c© 2002 RAS, MNRAS 000, 1–13
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Figure 1. The dimensionless theoretical power spectra for the
models considered here: CDM (black), and WDM with particle
masses: 3 keV (blue), and 1 keV (red). The dotted lines corre-
spond to the fundamental mode (box size 64h−1Mpc) and the
Nyquist frequencies.
tering scales of the theoretical power spectrum. In Fig. 1
we represent these two scales for our simulations. As can be
seen, the Nyquist frequency is well below the exponential
cut-off in the power spectrum for WDM with mWDM = 3
keV. Therefore, we cannot expect too much difference be-
tween the halo mass function of ΛCDM and this particu-
lar ΛWDM model, since both are dominated mainly by the
lack of mass resolution. Therefore, we decided not to run
the 3 keV WDM simulation at this resolution. Rather, we
used it to study the excess of satellites in Milky Way type
haloes, in which re-simulations of haloes with full resolu-
tion (i.e. 40963 particles) have been used for the 3 models
(Yepes et al. 2009). Here we concentrate on the simulation
with 10243 WDM-particles of 1 keV mass.
In order to identify haloes in the simulation we have
used the AMIGA Halo Finder (AHF) (Knollmann & Knebe
2008). The halo positions are first identified from the local
maxima of the density field that is computed from the par-
ticle distribution by Adaptive Mesh Refinement techniques.
The AHF identifies haloes as well as sub-haloes. It provides
the virial masses, virial radii and circular velocities of iso-
lated haloes and some related quantities for sub-haloes. We
use the maximum circular velocity Vc to characterize the
haloes because the circular velocity can be easier related
to observations than the virial mass. For reference, haloes
with Vc = 50 km s
−1 have a virial mass of about 1010M⊙
and haloes with Vc = 20 km s
−1 have a virial mass about
109M⊙. We re-scaled all data (coordinates and masses of
haloes) to “real” units assuming H0 = 72 km/s/Mpc, which
is the value assumed by Karachentsev et al. (2004) in the ob-
Figure 2. Cumulative FOF halo mass functions with more than
20 particles for the ΛCDM (dashed line) and ΛWDM (solid
line) models. From left to right the mass functions are shown
at redshifts z = 8, 6, 5, and 0. The dotted line marks Mlim =
3× 109h−1M⊙.
served LV and which is almost identical with value assumed
in the simulations (H0 = 73 km/s/Mpc)
It is known that in WDM simulations small mass haloes
can arise from the artificial gravitational growth of Poisso-
nian fluctuations that lead to an unphysical fragmentations
of filaments (Wang & White 2007). These “fake” haloes
show up typically as tiny haloes regularly aligned along fila-
ments. In Figure 1 one can clearly see the exponential cut-off
of power in the ΛWDM models. For the 1keV WDM model
the maximum power is reached at kpeak = 3.7hMpc
−1.
Above this wave number the linear power spectrum contains
very little power so that discreteness noise influences the
growth of small-scale non-linear structures. Below a charac-
teristic mass Mlim, which depends on the mass resolution
in the simulation, a spurious fragmentation of filaments oc-
curs which leads to an upturn of the halo mass function
at small scales (Fig. 2). Following Wang & White (2007)
we have estimated for our simulations this limiting mass as
Mlim ≈ 3× 10
9h−1M⊙.
Figure 2 shows the evolution of the cumulative mass
functions of halos found by the friend-of-friends algorithm
in the ΛCDM and ΛWDM simulations. The upturn of the
ΛWDM mass function can be seen at any redshift between
z = 8 and z = 0 and it is always at the same position slightly
left of the limiting mass. The dotted line marks the limiting
mass 3 × 109h−1M⊙ for z = 0. This points to a complex
process of the formation of spurious fake-haloes. It seems
that they do not form only at at certain epoch but instead
appear all the time after the formation of the first haloes. A
more detailed numerical study of this problem is definitively
needed, but it is outside of the scope of the present paper.
c© 2002 RAS, MNRAS 000, 1–13
4 A. Tikhonov, S. Gottlo¨ber, G. Yepes and Y. Hoffman
Since we see an upturn of the mass function only at
≈ 1× 109h−1M⊙ we consider Mlim as a rather conservative
value. In terms of circular velocity Mupturn corresponds to
haloes with Vmax . 20km/s which are candidates to be spu-
rious. The prime objective of the paper is the study of the
statistical properties of voids, and it is therefore important
to establish that these are not affected by the spurious halos.
Figure 5 below proves that this is indeed the case.
3 OBSERVATIONAL DATA: LOCAL VOLUME
Over the last decade Hubble Space Telescope observations
have provided distances to many nearby galaxies which
where measured with the tip of the Red Giant Branch
(TRGB) stars. Special searches for new nearby dwarf galax-
ies have been undertaken Karachentsev et al. (2004). Also
special cross-check has been done with IR and blind HI sur-
veys (Karachentsev et al. 2007). The distances were mea-
sured from TRGB stars, Cepheids, the Tully-Fisher rela-
tion, and some other secondary distance indicators. Since
the distances of galaxies in the Local Volume are measured
independently of redshifts, we know their true 3D spatial dis-
tribution and their radial velocities. At present, the sample
contains about 550 galaxies with distances less than 10Mpc.
A substantial fraction of the distances have been measured
with accuracies as good as 8-10% (Karachentsev et al. 2004).
Within the Local Volume dwarf systems have been ob-
served down to extremely low luminosities. This gives us
a unique chance to detect voids, which may be empty of
rather faint galaxies. Tikhonov & Karachentsev (2006) and
Tikhonov & Klypin (2009) analyzed nearby voids. Here we
use the same observational data as in Tikhonov & Klypin
(2009) - the updated Catalog of Neighboring Galaxies
(Karachentsev et al. 2004, private communication). We an-
alyze a volume-limited sample of galaxies with absolute
magnitudes MB < −12 within 8Mpc radius. The over-
all completeness of the sample has been discussed in
Tikhonov & Klypin (2009).
3.1 Circular vs. rotational velocity
In order to compare results from an observational galaxy
sample with dissipationless N-body simulations one has to
assume certain hypotheses about how galactic properties are
related with their host dark matter halos and, in particular,
how the observed rotational velocity of a galaxy is related
to the circular velocity of its dark matter halo.
A number of different techniques has been developed to
associate galaxies with simulated DM haloes. The most well
known techniques are the semi-analytical models (see the
review of Baugh (2006)). An alternative approach is based
on the conditional luminosity function (van den Bosch et al.
2004). Based on the merging history of the DM haloes and a
set of physically motivated recipes the semi-analytical mod-
els place galaxies into the DM haloes. A number of free pa-
rameters of these recipes are calibrated by the observation
of galaxies. A dark matter halo may host a luminous galaxy
and a number of satelittes. Although modern high resolu-
tion DM simulations resolve sub-haloes most of the semi-
analytical models do not follow haloes which are accreted
by larger ones but rather model the transformation of these
accreted satellites along their orbits. Recently, Maccio’ et al.
(2009) (see also Koposov et al. (2009)) claimed that semi-
analytical models can solve the long standing problem of
missing satellites (Klypin et al. 1999) within the ΛCDM sce-
nario. The basic idea behind this solution of the problem is
that the haloes which host a galaxy of a given measured
rotational velocity are more massive than expected by the
direct association of rotational velocity and the haloes max-
imum circular velocity. Since more massive haloes are less
frequent the problem of missing satellites is solved. Thus
it is solved at the expense of a predicted large population
of dark satellites the observation of which remains another
open problem in cosmology.
Stoehr et al (2002) were one of the first who argued that
due to gravitational tides the total mass associated with
dwarf spheroidals might be much larger than assumed. On
the contrary, Kazantzidis et al. (2004) argue that tidal inter-
action cannot provide the mechanism to associate the dwarf
spheroidals of the Milky Way with the massive substructures
predicted by the ΛCDM model. Recently, Pen˜arrubia et al.
(2008) analyzed the dynamics of the stellar systems in local
group dwarf spheroidals and came to the conclusion that the
associated dark matter circular velocity is about three times
higher than the measured velocity dispersion of the stars.
All the previous arguments are mainly based on the as-
sumption that the small galaxies under consideration are
satellites of a more massive galaxy. However, in the analy-
sis we report in this paper we will consider isolated dwarf
galaxies for which these arguments are not necessarily valid.
In what follows we argue in favor of a direct association
of the observed rotational velocity of a isolated dwarf galaxy
to the maximum circular velocity of a simulated low mass
DM halo. Our arguments are based on the comparison of
the beam size of the observations with theoretical profiles of
the DM haloes.
The Karachentsev et al. (2004) galaxy catalog contains
for many of its galaxies the 21 cm HI line width at the 50%
level from the maximum (W50) as well as the apparent ax-
ial ratio (b/a). Using these informations Tikhonov & Klypin
(2009) estimated the rotational velocity of the galaxy as
Vrot =W50/2
p
1− (b/a)2. They argue that a large fraction
of the HI line width is likely produced by random motion of
the order of 10 km s−1 but did not subtract those random
motions. Their conclusions were based on a comparison of
this rotational velocity with the circular velocities of the
haloes. We follow their suppositions and associate the ro-
tational velocity Vrot with the peak circular velocity of the
dark matter halo. In order to give additional arguments in
support of this assumption we compare now circular veloc-
ity profiles of dark matter haloes with the HI radius within
which the observations are performed.
In Figure 4 we plot the NFW velocity profiles up to
4Rs for 7 haloes with masses between 5 × 10
8h−1M⊙ and
2× 1010h−1M⊙. Here, we assumed concentrations following
the fitting formula provided by Neto et al. (2007) which is in
agreement with Maccio` et al. (2007). Now we want to com-
pare these circular velocities with the measured rotational
velocities of nearby dwarfs. We use the FIGGS galaxy sur-
vey Begum et al. (2008) with MB > −14.5 which is located
inside the Local Volume. In this survey, measurements of
W50 together with the HI diameters at a column density
of ≈ 1019 atoms cm−2 and the inclinations of optical images
c© 2002 RAS, MNRAS 000, 1–13
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Figure 4. NFW circular velocity profiles for DM haloes with
masses between 5× 108h−1M⊙ and 2 × 1010h−1M⊙. Red stars:
observed Vrot vs HI diameters taken from the FIGGS LV galaxy
sample.
(iopt) are provided. We estimated the rotational velocities as
Vrot = W50/(2 × sin(iopt)) for galaxies with iopt > 40
◦ and
plotted them vs. the HI radii on top of the NFW profiles in
Figure 4.
One can clearly see that most of the observational
points are located on the flattening parts of the NFW veloc-
ity profiles with circular velocities below 30 km s−1. Since
dwarf galaxies are expected to be dark matter dominated,
the association of the observed rotational velocities at the
HI radius with the maximum circular velocity of DM haloes
is in our opinion a valid approximation.
4 VOID FINDER
Clusters, filaments and voids constitute the main compo-
nents of the large-scale structure of the Universe. Soon after
the discovery of the first cosmic void in the Boo¨tes con-
stellation (Kirshner et. al. 1981) it became clear that voids
in galaxy distribution are the natural outcome of gravita-
tional instability (Peebles 1982; Hoffman & Shaham 1982)
During the last two decades the void phenomenon has been
discussed extensively both from a theoretical as well as a
observational point of view (see e.g. Peebles (2001). There
are many different possibilities to detect voids. A thorough
review and comparison of different algorithms of void find-
ers has been recently presented in Colberg et al. (2008). The
void finders can be classified according to the method em-
ployed. Most are based on the point distribution of galaxies
or DM haloes and some on the smoothed density or potential
fields. Some of the finders are based on spherical filters while
others assume no inherent symmetry an consider voids a cru-
cial component of the cosmic web (e.g. Forero-Romero et al.
(2008)).
Our void finder detects empty regions in a point dis-
tribution. These regions are not necessarily spherical. Our
method is not sensitive to the total number of objects since
the objects are mostly located in high density regions. But
it is very sensitive to the appearance of objects in low den-
sity regions. In fact, any object detected in the middle of a
void would divide it into two voids. A detailed description
of the algorithm can be found in Tikhonov & Karachentsev
(2006). Our void finder is somewhat similar to that used by
El-Ad & Piran (1997) and Gottlo¨ber et al. (2003). Namely,
we place a 3D mesh on the observational or simulated sam-
ple. On this mesh, the identification of voids starts with the
largest one. At first, we search for the largest empty sphere
within the considered volume. The voids are supposed to be
completely inside the geometric boundaries of the sample,
c© 2002 RAS, MNRAS 000, 1–13
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therefore, for a given grid point the radius of the largest
empty sphere is determined by the minimum of the dis-
tance to the nearest galaxy (or halo) and the distance to
the boundary of the sample.
The consecutive search for empty seed spheres with de-
creasing radius, Rseed, is combined with their subsequent ex-
pansion by means of addition of spheres whose centers are lo-
cated inside the given void and whose radius is R1 > k ·Rseed
where we assume k = 0.9. Thus, the spheres added to the
void intersect with it by more than 30% of the volume. At
any search step for an empty seed sphere, all previously iden-
tified voids are taken into account, i.e. void overlapping is
not allowed. The search for voids continues as long as Rseed is
larger than a threshold of 0.5 Mpc. This algorithm is simple,
flexible and appropriate for our definition of voids as regions
completely free from galaxies of certain luminosities.
With our assumption, k = 0.9, the voids adequately
represent the empty regions between galaxies and at the
same time preserve a sufficiently regular (elliptical) form.
For k = 1, voids would be strictly spherical. When k de-
creases, the voids begin to penetrate into smaller and smaller
holes, and the shapes of voids become more irregular. As-
suming a very small k, one single void (the first one) would
fill most part of the sampled volume. The value of the co-
efficient k = 0.9 used in this paper is a compromise, chosen
after empirical detection of voids in distributions of points
with different properties. The voids turn out to be well sep-
arated one from another and they can be approximated by
triaxial ellipsoids.
Once we have identified the voids, we calculate the cu-
mulative void function (VF) of their volumes. We applied
also a spherical variant (k = 1) of our void finder and found
that the assumption of sphericity of voids does not affect
our results.
5 RESULTS
5.1 Local Volumes in the simulations
In the following we use the same criteria as
Tikhonov & Klypin (2009) to select “LV-candidates”
from our simulations. These are spheres of radius 8Mpc
which are characterized by the main features of the ob-
served Local Volume galaxy sample. In our simulations the
LV-candidates must be centered on a DM-halo with virial
mass in the range 1 × 1012M⊙ < mvir < 3 × 10
12M⊙.
This is our definition of a Local Group candidate. We do
not require that this local group consists of two haloes
comparable in mass because the appearance of two haloes
instead of one halo of the same total mass does not change
the dynamics of matter outside the Local group. We also
do not require that the Local group should be at the
same distance from a Virgo-type cluster as the observed
one. Instead, we impose an overdensity constraints on the
distribution of mass in the LV, which we take from the
observed LV sample of galaxies. Below we summarize the
conditions, which were used to find Local volumes in our
simulations:
(i) We put a sphere of radius 8Mpc on a Local group
candidate.
(ii) No haloes with mvir > 2 × 10
13M⊙ are inside this
sphere.
(iii) There are no haloes more massive than 5.0×1011M⊙
in a distance between 1 and 3 Mpc.
(iv) The centers of the spheres (the Local Group candi-
dates) are located at distances larger than 5 Mpc one from
the other.
(v) The number density of haloes with Vc > 100 km s
−1
inside this sphere exceeds the mean value in the whole box
by a factor in the range 1.4 − 1.8.
We found 14 LV-candidates in the ΛWDM simulation
which fulfill these criteria and 9 in the ΛCDM simulation.
The reason for the difference is the tight requirement on the
number density of massive halos. This means that in total
between 18 and 23 massive halos must be in this sphere.
Thus small differences between the position of a halo or
its circular velocities in the ΛCDM and ΛWDM simula-
tions may already lead to a violation of this criterion. Since
the large scale structure in both simulations is quite sim-
ilar we decided to use in the ΛCDM simulation the same
LV-candidates as in the ΛWDM simulation. All these LV-
candidates fulfill the first four criteria, 7 fulfill also the over-
density criterion, 5 are 10 % above or below (what is equiva-
lent to 2 additional or missing halos with Vc > 100 km s
−1)
and two miss 5 halos. However, all these five halos are in
the range 90 km s−1 < Vc < 100 km s
−1. The advantage
of our choice is that we can compare the properties of the
same regions with the same large scale environment in both
simulations.
Halo finders like FOF or AHF can find haloes down
to 20 particles, however to determine the internal proper-
ties of haloes one needs much more particles. Moreover,
the sample is not necessarily complete down to 20 parti-
cles per halo. There is a large scatter in the Vc vs. Npart
relation which reduces substantially if one considers only
isolated haloes. Haloes with Npart ∼ 100 have circular ve-
locities of Vc ∼ 20 km/s. In our simulation this limit co-
incides with the upturn of WDM velocity-mass function
due to fake haloes. As an example for the existence of fake
haloes in ΛWDM simulations Figure 5 shows the same LV-
candidate in both models: top row for ΛWDM bottom row
for ΛCDMI˙n the top, right plot one can clearly see filaments
of regularly aligned spurious fake-haloes which extend across
the voids and decrease their sizes. These are haloes with very
low circular velocities. In the top left plot we have marked
haloes with 15 < Vc 6 20 km s
−1 by crosses and halos with
Vc > 20 km s
−1 by filled circles. One can clearly see the dif-
ference to the right plot: Haloes with Vc > 20 km s
−1(filled
circles in the left plot) do not appear at all in artificial chains.
Haloes with 15 < Vc 6 20 km s
−1 only slightly modify the
overall distribution and do not fill voids. Thus, they do not
change substantially the void statistics. We did not find any
such artificial regular filament of tiny haloes when we con-
sider only halos above our limit of reliability Vc = 20 km/s.
We conclude that our analysis is not likely to be affected
by spurious haloes as long as we consider halo samples with
circular velocities Vc > 20 km s
−1 and might be slightly af-
fected for samples with Vc > 15 km s
−1.
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Figure 5. Distribution of haloes in a slice of 4Mpc thickness through the center of an LV-candidate. The upper panel shows the ΛWDM
model, on the left plot haloes with Vc > 20 km s−1 are marked by filled circles and haloes with 15 < Vc < 20 km s−1 by crosses. On the
right plot all haloes are shown. The lower panel shows the distribution of the corresponding ΛCDM haloes.
5.2 Properties of voids
The Local Volumes contain a large number of mini-voids
with radii Rv smaller than about 4 Mpc. We characterize
these mini-voids by the cumulative volume of the mini-voids
Vvoid(R > RV) normalized to the Local Volume VLV. In
Figure 6 we compare the cumulative volume filling fraction
(VFF) of mini-voids (Vvoid(R > Rv)/VLV) of the 14 LVs
found in the ΛWDM simulation with the observed VFF for
MB < −12 galaxies. The figure indicates that the VFF in
the distribution of haloes with Vc > 20 km s
−1 fits well to
the observed one. In fact, the observed spectrum of local
mini-voids is reproduced within the ΛWDM model almost
over the full range of void volumes. The size of the large
voids reduces slightly if we assume that haloes with Vc >
15 km s−1 define the voids. With the present mass resolution
we cannot exclude that this reduction is due to fake haloes.
In the luminosity range −13.2 < MB < −11.8 only three
field galaxies have been observed with Vrot < 15 km s
−1
(table 3 of Tikhonov & Klypin (2009)). So far, the existence
of such very slowly rotating (low mass) galaxies is not in
contradiction with the assumption of WDM.
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14 LVs in the ΛCDM simulation with haloes with circular ve-
locity Vc > 20 km s−1 (open triangles), Vc > 50 km s−1 (open
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the 1σ scatter is also shown.
The VFF obtained from the ΛCDM simulation matches
observations only if we assume that objects with Vc >
35 km s−1 define the local mini-voids (Figure 7). The ΛCDM
VFF is well above the data, if we assume Vc > 50 km s
−1 for
the void definition and it is far below the observational data
if we assume Vc > 20 km s
−1, i.e. in this case large mini-voids
are missing in the numerical realizations of local volumes.
Thus, our ΛCDM simulation is in agreement with observa-
tional data if haloes with Vc < 35 km s
−1 do not host any
galaxy. This statement is independent of the volume under
consideration. As a test of reliability we repeated the VFF
analysis assuming a LV of radius 6 Mpc both in observa-
tions and in our 14 simulated LVs. We recovered the same
circular velocity Vc ≈ 35 km s
−1 for haloes hosting galaxies
with MB < −12. Thus we are sure that our original sample
is not influenced by voids which intersect the outer bound
of the LV.
However, a significant amount of LV galaxies with mag-
nitudes MB ∼ −12 and rotational velocity as low as Vrot .
20 km s−1 have been recently observed. A systematically se-
lected sample of such extremely faint nearby dwarf irregulars
galaxies has been observed with the Giant Metrewave Radio
Telescope (Begum et al. 2008). Dwarf irregular are typically
dark matter dominated. These objects have surprisingly reg-
ular kinematics. One of the faintest ones is Camelopardalis
B with MB ∼ −10.9 (Begum, Chengalur & Hopp 2003).
Within the ΛCDM model mini-voids with sizes RV > 1
Mpc cover a volume of about 1600Mpc3 (or about 75 %
of the sample volume, see Figure 7). We found a mean
of 463 ± 85 haloes with 20 < Vc < 35 km s
−1 within the
mini-voids of a simulated LV where the scatter is the 1σ
fluctuation between the 14 LVs. This number is more than
an order of magnitude above the observed number of faint
galaxies in the Local Volume. Thus the ΛCDM model fails
to explain the observed local VFF. The predicted overabun-
dance of low-mass galaxies in low density regions is similar
to another problem well known in high density regions where
the ΛCDM model predicts an order of magnitude overabun-
dance of low-mass satellites. Typically the more massive
haloes (30 < Vc < 35 km s
−1) can be found near the bor-
ders of the mini-voids whereas the smallest ones tend to be
in the center. A similar behavior has been found in large
voids (Gottlo¨ber et al. 2003).
5.3 RMS peculiar velocities
Next, the Hubble flow around the LG-like objects is studied
in an attempt to confirm that our LV-candidates are indeed
the numerical counterparts of the observed LV. To this end,
we calculated the rms radial velocity deviations from the
Hubble flow, σH , both for the observational data and the
objects in the simulated LVs. As limits of circular velocities
of haloes used in our analysis, we took the values found
from the previous void analysis. We used haloes with circular
velocities Vc > 20 km s
−1 in the ΛWDM and with Vc >
35 km s−1 in the ΛCDM sample. But even if we assume for
the ΛCDM sample the lower value of Vc > 20 km s
−1 the
result does not change substantially in spite of the significant
increase in the number of objects.
Following Tikhonov & Klypin (2009) we calculate σH
in the rest frame of the considered galaxy sample, i.e. we
correct for the apex motion. We correct the rms velocities
c© 2002 RAS, MNRAS 000, 1–13
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Figure 8. The rms radial velocity deviations from the Hubble
flow σH for galaxies with MB < −12 in the Local Volume with
distances from 1Mpc up to R (red curve with open circles). The
estimates are corrected for the apex motion and for distance er-
rors. Black filled triangles with error bars show the mean σH on
corresponding scales for 14 CDM LV-candidates for haloes with
Vc > 35 km s−1 with 1-σ scatter. Blue triangles - mean σH for
WDM LV-candidates for haloes with Vc > 20 km s−1.
of the galaxies also for distance errors. Depending on radius
these corrections reduce the value of σH by about 5% to 15%
(cf. Table 3 of Tikhonov & Klypin (2009)). Figure 8 shows
the observed σH in the range from 1 Mpc to R and the
mean value obtained around the Local Group in the center
of each of the 14 LVs in the ΛCDM and ΛWDM simula-
tions. In Fig. 8 we compare the σH of our numerical LVs
with the observed one and found a reasonable agreement for
both models. We error bars show the scatter among the 14
LVs of the ΛCDM model. In ΛWDM we found about the
same scatter. The excess seen in the observed σH at R = 4
and 5 Mpc probably reflects the fact that most of the galaxy
groups of the LV are located within a distance of 3 to 5 Mpc
from our Local Group. They are responsible for the corre-
sponding overdensity at these distances. However, we did not
include this constrain when we searched for LV-candidates
in simulations for the sake of having better statistics. Not
surprisingly, the results found from the ΛCDM and ΛWDM
LVs agree pretty well among them and with data.
Peculiar motions on the scale of a few Mpc reflect the
mass distribution on these scales and larger ones, hence they
should not be affected by the small scale damping of the
primordial perturbations. We conclude that there is no dif-
ference between the two cosmologies in terms of the internal
dynamics of these systems, in good agreement with other
works (Martinez-Vaquero et.al 2009).
6 FORMING GALAXIES IN HALOES
As we mentioned above, very faint low-mass galaxies have
been observed in the local universe with rotational veloci-
ties below 20 km s−1. As an example, Camelopardalis B with
MB ∼ −10.9 has a total dynamical mass of ≈ 10
8h−1M⊙
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Figure 9. Redshift zd at which the progenitors of present day
LV haloes became more massive than 3×108h−1M⊙ as a function
of present day virial mass (upper axis: number of particles in the
halo). Filled triangles: ΛCDMmodel, open circles: ΛWDMmodel.
Dashed lines: see text.
measured at the last point of the observed rotation curve
(Begum, Chengalur & Hopp 2003). Due to the strong bias
between dark haloes and galaxies, it is not easy to compare
these observations with collisionless N-body simulations. A
proper way of doing it would be by means of full hydrody-
namical simulations which includes all the relevant physical
processes that lead to the formation of galaxies inside the
dark matter potentials. Nevertheless, we can use results from
such kind of simulations to derive estimates on the formation
epochs of the galaxies that would form in the dark haloes of
our simulated local volumes. Hoeft et al. (2006) have simu-
lated the formation and evolution of dwarf galaxies in voids
using high resolution ΛCDM hydrodynamical simulations
which include radiative cooling, UV photoionization from a
cosmic background, star formation from the cooled gas and
feedback from supernovae. Based on these simulations, they
derived a characteristic mass scale Mc(z) below which UV
photoheating suppresses further cooling of gas and therefore
star formation inside haloes with M < Mc(z). The numer-
ical results can be well approximated by a exponentially
decreasing function with redshift in the following way
Mc(z)
1010 h−1 M⊙
=
0.62
(1 + z)1.23 exp (0.082z2.1)

∆c(0)
∆c(z)
ff1/2
(1)
where ∆c(z) represents the redshift dependence of the char-
acteristic virial overdensity of halos that can be obtained
from the numerical integration of the equations of the spher-
ical infall model or using the analytical approximation ob-
tained by Bryan & Norman (1998).
Thus, by comparing the mass of the progenitors of each
of our LV haloes with Mc(z) we can estimate the typical
formation redshift for the galaxies in our LV’s. Those haloes
with mass accretion histories that are always above Mc(z)
have been able to form stars at all times. On the contrary,
those haloes with mass accretion histories shallower than
Mc(z) would have not been able to condense baryons in-
side and they would not host any galaxy. Although these
results were obtained for ΛCDM halos, in what follows, we
c© 2002 RAS, MNRAS 000, 1–13
10 A. Tikhonov, S. Gottlo¨ber, G. Yepes and Y. Hoffman
will assume that they can be applied also to our ΛWDM
simulations. Since the UV photionization background comes
from observations and the modeling of the rest of the other
baryonic processes is the same, the only differences between
the ΛCDM and ΛWDM halos would come from the different
mass accretion histories.
The ”age” of an object in simulations is often deter-
mined as the epoch at which half of its mass is gathered.
Thus massive objects form later. Contrary to this defini-
tion of formation time, there are others such as the time at
which progenitors of present day haloes reach a given mass
threshold. In numerical simulations a natural threshold is
given by the mass resolution which defines a minimum halo
mass as the detection limit. Obviously, more massive ob-
jects reached earlier a given mass threshold and thus, they
have formed earlier, according to this definition of formation
time. Here we use the detection limit as an estimate for the
formation time of the haloes in the simulation and compare
the evolution of ΛCDM and ΛWDM haloes after passing
this threshold which we take to be the mass corresponding
to a minimum of 20 particles (i.e 3.2× 108h−1M⊙). For the
cosmological parameters under consideration the character-
istic mass scale, Mc(z) equals this mass resolution limit for
haloes in our simulations at redshift z = 3.7 and increases
up to 6.2×109h−1M⊙ at redshift z = 0. Therefore, we are in-
terested to determine at which redshift zd the most massive
progenitor of the redshift zero LV haloes reaches the mass
threshold (3.2×108h−1M⊙) of our simulations. To this end,
we identify with an FOF analysis all the progenitors of a
given halo at different redshifts.
In Figure 9 we show the mean redshift zd as a function
of the present day halo’s virial mass for all haloes found
in the 14 LVs of the ΛCDM and ΛWDM model. We con-
sider that for ΛCDM haloes with more than 100 particles,
their merging history can easily be followed. In the case of
ΛWDM we restrict ourselves to haloes above the limiting
mass Mlim (see §2). The symbols are centered in the middle
of the selected mass bins and the error bars show the 1σ
scatter. The difference between the two models is evident:
there is a general trend for ΛWDM haloes of all masses to
reach this threshold later than the ΛCDM ones.
The dashed vertical line in Figure 9 marks the charac-
teristic mass for redshift zero, Mc(0) = 6.2 × 10
9h−1M⊙.
More massive haloes would have form stars all their lifetime
because their mass accretion histories are always above the
Mc(z) since zd till present. Those haloes with present day
masses below this characteristic mass would be at present
practically devoid of gas due to UV photoheating. Within
the ΛCDM model the characteristic, Mc, mass increases
faster with time than the mean halo mass. Therefore, the
mass of those haloes was at some earlier redshift larger than
Mc(z) and thus the haloes were able to form stars in the
past.
The horizontal dashed line in Figure 9 marks the red-
shift z∗ = 3.7 at which Mc(z
∗) = 3.2 × 108h−1M⊙ (the
resolution limit). The redshift of the first identified progen-
itor of ΛCDM haloes with Mvir > 2.2 × 10
9h−1M⊙ is al-
ways above this line. Therefore, all these haloes have been
able to cool gas and form stars at least until redshift 3.7.
Those with masses M > Mc(0) will have formed stars up
to present. The smaller haloes, with M < Mc(0) would
have formed stars only until Mc(z) became larger than the
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Figure 10. The differential number fraction 1
Ntot
dN
dz
of progen-
itors of haloes which became more massive than 3 × 108h−1M⊙
at redshift zd. Filled circles: haloes with Vc < 35 km s
−1 at z = 0
inside mini-voids, open circles: haloes with Vc < 35 km s−1 out-
side mini-voids, triangles: haloes with Vc > 35 km s−1. Error bars
are 1σ deviations.
progenitors halo mass (somewhere between zd and present).
Haloes with Mvir < 2.2 × 10
9h−1M⊙ lost most of their gas
before z∗ = 3.7. Therefore, they can host only an old popu-
lation of stars.
In sharp contrast with the ΛCDM case, the ΛWDM
haloes with Mvir < Mc(0) are always below the horizontal
dotted line. Thus their mass was always smaller than Mc(z)
and they were unable to condense baryons and form galax-
ies at all. This points towards a potential problem of the
ΛWDM model, namely an insufficient formation of dwarf
galaxies. Since Mc(z) drops down very fast for z > 4, in
principle they could have been able to cool gas and form
stars at earlier times, resulting in a population of faint red
dwarfs.
Since haloes form much later in the ΛWDM scenario
they can lose their gas much easier due to the photoheating
of the cosmic ionizing background than the ΛCDM haloes
of the same present day mass. Therefore, the formation of a
sufficient number of low mass galaxies could be a problem in
this model. To study this in full detail, one needs to perform
ΛWDM simulations with much higher mass resolution than
the one presented here.
In Figure 10 we compare the formation history of
ΛCDM haloes with circular velocities Vc < 35 km s
−1 lo-
cated inside the mini-voids (filled circles) with haloes in the
same range of circular velocities, but located outside the
voids (open circles). We show the differential number frac-
tion 1
Ntot
dN
dz
of progenitors of haloes which became more
massive than 3.2 × 108h−1M⊙ at redshift zd which has the
same meaning as in in Fig. 9. We used haloes with masses
M > 2× 109h−1M⊙. Therefore, the mean zd of Fig. 10 cor-
responds to the second filled triangle of Fig. 9. As can be
seen in the figure, regardless of environment, these haloes
have very similar formation histories. For comparison, we
also show the results for the more massive haloes in the LVs
(triangles: Vc > 35 km s
−1) which obviously passed much
earlier the threshold zd. The fact that we do not see strong
c© 2002 RAS, MNRAS 000, 1–13
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differences in the formation epochs of dwarf haloes located
in structures and those sitting in voids may have profound
consequences for the ΛCDM model.
One of the proposed scenarios to solve the overabun-
dance problem assumes that UV-photoionization evaporates
gas from dwarf haloes in voids and therefore quenches star
formation and leaves voids empty. If, however, dwarf haloes
in voids and the surrounding structures form roughly simul-
taneously then photoionization should have suppressed the
formation of all these dwarf galaxies regardless of environ-
ment. As shown above the ΛCDM model predicts an order
of magnitude more low-mass haloes than observed. If pho-
toionization suppresses the formation of galaxies in more
than 90 % of the small haloes, it is difficult to explain why
none of the remaining is found in the voids. Therefore, the
observed small number of dwarfs represents a similar prob-
lem for the ΛCDM model as the missing satellites.
However, the observed dwarfs could also be a poten-
tial problem for the ΛWDM model. According to the late
formation time of the small mass haloes they spend almost
all their lifetime having masses well below the character-
istic mass Mc(z). Following the arguments of Hoeft et al.
(2006) it would be difficult to explain how they could have
formed stars at all. However, we should also note that the
characteristic mass has been derived based on ΛCDM simu-
lations (Hoeft et al. 2006; Okamoto, Gao, & Theuns 2008).
To get a final answer for halos in the WDM scenario, proper
gas-dynamical simulations including star formation should
be performed. Such simulations should have extremely high
resolution to address also the problem of fake halo forma-
tion.
7 DISCUSSION AND CONCLUSIONS
We used an updated version of the Karachentsev et al.
(2004) sample of galaxies to compare the distribution and
motions of galaxies in the Local Volume with that of dark
matter haloes in ΛCDM and ΛWDM simulations. About
40 mini-voids with sizes in the range from 0.5Mpc to
4Mpc have been detected in the observational sample.
Tikhonov & Klypin (2009) have shown that the spectrum
of void sizes is stable with respect to variations of the sam-
ple and to uncertainties of distances to individual galaxies.
From our ΛCDM and ΛWDM simulations we have se-
lected the Local Volume candidates following the criteria
used by Tikhonov & Klypin (2009). In many respects these
LV-candidates look very similar to the observed Local Vol-
ume: they have comparable number of bright (massive) ob-
jects and a similar density contrasts on 8Mpc scale. More-
over, most of the LV-candidates show the same typical inter-
secting filaments sometimes nearly aligned in planes which
are quite similar to what one observes in the Local Volume
- intersecting filaments form a structure which is part of
the Local Supercluster and goes through the Local Group
(sometimes it is called ”Local Sheet”). The 14 Local Volume
candidates in ΛCDM and ΛWDM simulations show only
little scatter in the volume fraction occupied by mini-voids.
Thus it is well suited to discriminate between different mod-
els. To test further our LV-candidates we have calculated
the rms radial velocity deviations from the Hubble flow and
found no difference in the dynamics of the haloes. Both in
the ΛCDM and ΛWDM models σH is in agreement with the
observations.
In Sect. 3.1 we argue in favor of an association of the
haloes maximum circular velocity to the observed rotational
velocity. Our argument is based on a comparison of the ro-
tational velocities observed in a certain distance from the
center and the circular velocities of dark matter haloes in
the same distance. The velocity profiles of the dark matter
haloes in are essentially flat at the distance where the rota-
tional velocities of dwarfs are measured. Thus the errors are
small if one associates the measured rotational velocity to
the peak circular velocity. The exact relation between both
depends on the gasdynamical processes in the galaxy which
we cannot consider in the large volume under discussion.
One might argue that the peak velocity increases due to adi-
abatic contraction so that the WDM model would be even
more favored. However, these dwarf haloes are expected to
be dark matter dominated and adiabatic contraction is ex-
pected to be less important. One might argue that by some
processes the rotational velocity in the dwarf haloes becomes
smaller but we cannot see a good reason to associate Vrot
with significantly more massive haloes which would be nec-
essary to fit the observational data.
Within the ΛCDM model the cumulative volume frac-
tion of the LV occupied by mini-voids matches observations
only if one assumes that objects with Vc > 35 km s
−1 define
the local mini-voids and these objects host galaxies brighter
than MB = −12 (Tikhonov & Klypin 2009). The ΛCDM
model predicts almost 500 haloes with 20 < Vc < 35 km s
−1
within the mini-voids in a LV. At present 10 quite isolated
dwarf galaxies have been observed in the Local Volume with
magnitudes −11.8 > MB > −13.3 and rotational velocities
Vrot < 35 km s
−1 (Tikhonov & Klypin 2009). This number
is more than an order of magnitude smaller than the pre-
dicted number of low-mass haloes and thus it points to a
similar discrepancy as the well known predicted overabun-
dance of satellites in Milky Way sized ΛCDM haloes. The
reason can be understood from the ΛCDM mass function
at the low-mass end which is much steeper than the ob-
served luminosity function at the low luminosity end. This
causes both the overabundance of satellites and the fact,
that the observed mini-void distribution can be explained
only if haloes with circular velocities larger than 35 km s−1
host galaxies. In case of satellites one could explain the mis-
match between observations and predictions by processes
like ram-pressure and tidal stripping which have not been
taken correctly into account in simulations. On the contrary,
the dwarfs in the Local Volume are all situated in the same
environment of relatively low density. Therefore, the exis-
tence of only a small number of such low luminosity and
low mass dwarf galaxies in the LV is even more difficult to
explain than the missing satellites.
In case of the ΛWDM model the observed spectrum of
mini-voids can be explained naturally if dark matter haloes
with circular velocities larger than ∼ 15 − 20 km s−1 host
galaxies. The observed small number of slowly rotating iso-
lated galaxies is not in contradiction with this assumption
since a small number of low-mass haloes are also formed
in the ΛWDM model. Thus the ΛWDM model solves the
problem of overabundance and the spectrum of mini-voids
in a distribution of low-mass haloes is in agreement with
observations. However, we have also shown that due to the
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late formation of haloes in the ΛWDM model a substan-
tial part, if not all, of the low-mass haloes could have failed
to form stars. Thus they would have not been able to host
any visible galaxy, as it is necessary for the model to agree
with the sizes of mini-voids in the Local Universe. Never-
theless, to study their distribution and properties in detail
one needs simulations with much higher resolution so that
one can distinguish between the real low-mass haloes and
the numerical artifacts. Moreover, full radiative hydrody-
namical simulations with star formation are also needed in
order to properly address the galaxy formation process in
these halos. Overall we confirm earlier claims that concern-
ing the formation of small scale structure the ΛWDM model
can be considered as a promising alternative to the ΛCDM
model. However, more detailed investigations are necessary
to study to which extend star formation in low-mass haloes
is suppressed in the ΛWDM model.
ACKNOWLEDGMENTS
We thank I.D.Karachentsev for providing us with an up-
dated list of his Catalog of Neighboring Galaxies. The sim-
ulations used in this work were performed at the Leibniz
Rechenzentrum Munich (LRZ) and at the Barcelona Su-
percomputing Centre (BSC), partly granted by the DEISA
Extreme Computing Project (DECI) SIMU-LU. This work
was funded by the Deutsche Forschungsgemeinschaft (DFG
grant: GO 563/17-1) and supported by the ASTROSIM net-
work of the European Science Foundation (ESF). SG ac-
knowledges a Schonbrunn Fellowship at the Hebrew Univer-
sity Jerusalem. YH has been partially supported by the ISF
(13/08). GY acknowledges support of the Spanish Ministry
of Education through research grants FPA2006-01105 and
AYA2006-15492-C03. We thank A.Klypin for useful discus-
sions and suggestions.
REFERENCES
Abazajian K., Phy. Rev. D, 73, 063513, (2006)
Abazajian K., Koushiappas S. M., 2006, PhRvD, 74,
023527
Avila-Reese V., Col´ın P., Valenzuela O., D’Onghia E., Fir-
mani C., ApJ, 559, 516, (2001)
Baugh C. M., 2006, RPPh, 69, 3101
Begum A., Chengalur J. N., Karachentsev I. D., Sharina
M. E., Kaisin S. S., 2008, MNRAS, 386, 1667
Begum A., Chengalur J. N., Hopp U., 2003, NewA, 8, 267
Bode P., Ostriker J. P., Turok N., 2001, ApJ, 556, 93
Bryan G. L., Norman M. L., 1998, ApJ, 495, 80
Colberg J. M., Pearce F., Foster C., Platen E., Brunino
R., Neyrinck M., Basilakos S., Fairall A., Feldman H.,
Gottlo¨ber S., Hahn O., Hoyle F., Mu¨ller V., Nelson L.,
Plionis M., Porciani C., Shandarin S., Vogeley M. S., 2008,
MNRAS, 387, 933
Col´ın P., Valenzuela O., Avila-Reese V., 2008, ApJ, 673,
203
Crain R. A., Eke V. R., Frenk C. S., Jenkins A., McCarthy
I. G., Navarro J. F., Pearce F. R., 2007, MNRAS, 377, 41
H. El-Ad and T. Piran, ApJ, 491, 421 (1997)
Forero-Romero J. E., Hoffman Y., Gottlo¨ber S., Klypin A.,
Yepes G., 2008, arXiv, arXiv:0809.4135
Gottlo¨ber S.,  Lokas E. L., Klypin A., Hoffman Y., 2003,
MNRAS, 344, 715
Hoeft M. et al., MNRAS, 2006, 371, 401
Hoffman Y., Ribak E., 1991, ApJ, 380, L5
Hoffman Y., Shaham J., 1982, ApJ, 262, L23
Karachentsev I.D., Karachentseva V.E., Huchtmeier W.K.,
Makarov D.I., 2004 AJ, 127, 2031
Karachentsev I.D., Karachentseva V., Huchtmeier W.,
Makarov D., Kaisin S., Sharina M., Mining the Local Vol-
ume, 2007, arXiv:0710.0520
Karachentsev et al., 2001, A&A, 379, 407.
Kazantzidis S., Mayer L., Mastropietro C., Diemand J.,
Stadel J., Moore B., 2004, ApJ, 608, 663
Kirshner R.P., Oemler A., Schechter P.L., Shectman S.A.,
1981, ApJ, 248, L57
Klypin A., Kravtsov A. V., Valenzuela O., Prada F., 1999,
ApJ, 522, 82
Knebe A., Devriendt J. E. G., Mahmood A., Silk J., MN-
RAS, 329, 813, (2002)
Knollmann, S., & Knebe, A., ApJS, in press, (2009).
Koposov S. E., Yoo J., Rix H.-W., Weinberg D. H., Maccio`
A. V., Escude´ J. M., 2009, ApJ, 696, 2179
Kraan-Korteweg R.C., Tammann, G.A., 1979, Astronomis-
che Nachrichten, 300, 181
Loeb A., 2008, arXiv:0804.2258
Maccio` A. V., Dutton A. A., van den Bosch F. C., Moore
B., Potter D., Stadel J., 2007, MNRAS, 378, 55
Maccio’ A. V., Kang X., Fontanot F., Somerville R. S.,
Koposov S. E., Monaco P., 2009, arXiv, arXiv:0903.4681
Martinez-Vaquero, L.A, Yepes, G., Hoffman, Y. &
Gottlo¨ber, S., MNRAS, submitted, (2009)
Miranda M., Maccio` A. V., MNRAS, 382, 1225 (2007)
Moore B., Ghigna S., Governato F., Lake G., Quinn T.,
Stadel J., Tozzi P., 1999, ApJ Lett., 524, L19
Neto A.F., Gao L., Bett P., Cole S., Navarro J.F., Frenk
C.S., White S.D.M., Springel V., Jenkins A., 2007, MN-
RAS, 381, 1450
Okamoto T., Gao L., Theuns T., 2008, MNRAS, 390, 920
Peebles P. J. E., 1982, ApJ, 257, 438
Peebles P. J. E., 2001, ApJ, 557, 495
Pen˜arrubia J., McConnachie A.W., Navarro J.F., 2008,
ApJ, 672, 904
Spergel D. N., et al. 2003, ApJS, 148, 175
Spergel D. N., et al. 2007, ApJ Suppl., 170, 377
Springel V., 2005, MNRAS, 364, 1105
Steffen F. D., 2006, JCAP, 9, 1
Stoehr F., White S.D.M., Tormen G., Springel V., 2002,
MNRAS, 335, 84
Tikhonov A.V., Karachentsev I.D., 2006, ApJ, 653, 969
Tikhonov A. V., Klypin A., 2009, MNRAS, 395, 1915
Tully R.B., Fisher J.R., 1987, Atlas of Nearby Galaxies,
Cambridge University Press
van den Bosch F. C., Norberg P., Mo H. J., Yang X., 2004,
MNRAS, 352, 1302
Viel M., Lesgourgues J., Haehnelt M. G., Matarrese S.,
Riotto A., PhysRevD, 71, 063534, (2005)
Viel M., Colberg J. M., Kim T.-S., 2008, MNRAS, 386,
1285
Viel M., Becker G. D., Bolton J. S., Haehnelt M. G., Rauch
M., Sargent W. L. W., Phys.Rev.Lett, 100, 041304, (2008)
c© 2002 RAS, MNRAS 000, 1–13
13
Wang J., White S.D., 2007, MNRAS, 380, 93
Yepes G., Gottlo¨ber S., Mart´ınez-Vaquero L. A., Hoffman
Y., 2009, AIPC, 1115, 80
Yepes, G., et. al. in preparation, (2009)
Zavala J., Jing Y. P., Faltenbacher A., Yepes G.,
Hoffman Y., Gottlober S., Catinella B., 2009, arXiv,
arXiv:0906.0585, ApJ in print
c© 2002 RAS, MNRAS 000, 1–13
